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This paper describes the application of a modified model-based systems engineering methodology 
for employing architecture in system analysis (MBSE MEASA) to create and validate a cross-
domain collaborative autonomous system. Results from the early stages of the MEASA 
methodology are presented, specifically, the architecture descriptions of Unmanned Air Vehicle 
(UAV)-Unmanned Ground Vehicle (UGV) team collaboration while conducting humanitarian 
assistance and disaster relief operations. This study replaces computer-based modeling and 
simulation inherent to the original MEASA methodology with a field exercise which validated the 
architecture descriptions. The applied methodology highlights the feasibility of a UAV-UGV team 
collaboratively conducting structured, rudimentary tasks in a mission scenario. The result of this 
paper, validated the model for cross-domain unmanned vehicles conducting expeditionary warfare 
and an analyzed assessment of the system design. This research serves as a model-based systems 
engineering analysis method for the future development of employing collaborative autonomous 
systems with military utility. 
 
 
1.0 Background and Motivation 
Throughout recent conflicts, the U.S. military has increasingly avoided placing human soldiers in 
a life-threatening environment while conducting dangerous operations. In order to continue 
executing expeditionary military operations in a safe manner, without placing human lives at risk, 
military robotics such as Unmanned Air Vehicles (UAVs) and Unmanned Ground Vehicles 
(UGVs) must be incorporated into military standard operating procedures. Developing the 
operational framework required to accomplish the mission will catalyze further development for 
the use of robotics within expeditionary warfare. This study highlights the technical and non-
technical challenges that must be overcome to bring an unmanned air-ground task force for 
humanitarian assistance and disaster relief (HA/DR) to fruition. The result of this research is a 
validated and executable system architecture for cross-domain unmanned vehicle cooperation. 
“For the purpose of this study, a cross-domain system is defined as an unmanned system that can 
operate autonomously or remotely, alone or in a swarm, in at least two of the six defined domains: 
land, sea, air, space, cyberspace, and electromagnetic spectrum” (Middleton, Miller, Pollman 2018, 
1). The architecture will serve as the conceptual template to guide future research and development 




This research processed the system’s operational requirements into preferred system 
configurations using the Model-Based Systems Engineering Methodology for Employing 
Architecture in System Analysis (MBSE MEASA) methodology in the context of a detailed 
validation exercise. It also highlighted the feasibility of cross-domain autonomous systems 
collaboratively conducting military operations.  
 
The MBSE MEASA methodology is a Five Stage process that enables a designer to go 
from a system’s concept to its final design using model-based techniques. Stages One to Three 
generated in Middleton, Miller, and Pollman (2018), developed the architectural models for the 
system. Stages Four and Five use the architecture description developed in Stages One to Three to 
form the exercise and conduct a model analysis. This paper presents the result of completing Stages 
Four to Five.  
 
2.0 The MBSE MEASA Approach 
 
The MBSE MEASA is a way to analyze a system by connecting the system’s architecture to the 
system analysis spectrum by models and simulations. This research replaces computer-based 
simulation with a validation exercise. An interested reader can find the original MBSE MEASA 
in Beery (2016). The first Three Stages of the MBSE MEASA are used to formulate a model to 
examine the system’s architecture and design which are simulated in Stage Four and analyzed in 
Stage Five.  
 
Figure 1 depicts the five-step methodology for the MBSE MEASA. In Stage One, the 
system’s operational requirements are determined. Stage Two develops the functional architecture 
for the system based on the system’s operational requirements. Stage Three develops the physical 
architecture for the system. Stage Four repurposes the developed functional and physical 
architectures in order to create an external model for the system (Beery 2016). Stage Five 
represents the system analysis used to determine the system’s effectiveness and refine the products 
of Stages One to Three, completing the MBSE MEASA process.  A large contribution of the 
MBSE MEASA methodology is the connection between the architecture domain and the analysis 
domain illustrated in Figure 2.  
 
The MBSE MEASA explicitly uses the results of the modeling and simulations and feeds 
them back into the requirements and the architecture design in order to refine the system. In this 
research, the results from the validation exercise are implemented back into the requirements and 








Figure 1. MBSE MEASA methodology.  Adapted from (Beery 2016) 





3.0 The MBSE MEASA for Humanitarian Assistance and Disaster Relief 
 
Stages One to Three in Middleton, Miller, and Pollman (2018) developed the architectural 
description for the system which was used to create an external model which took the form of a 
validation exercise in this study, to determine operational effectiveness and technical feasibility. 
The last two stages in the MBSE MEASA process are highlighted in this paper by defining the 
model and analyzing the results, completing the five-step methodology of the MEASA.  
 
3.1 Requirements analysis 
 
The requirements analysis section (Stage One) takes stakeholder inputs and develops a 
“set of system requirements that capture both the intended operational environment and design 
specifications for the system” (Beery 2016, 120). For Humanitarian Assistance and Disaster 
Relief (HA/DR) operations, the system’s operational requirements can be found in the Chief of 
Naval Operations Instruction (OPNAV) 3500.38B.  
 
3.2 Functional architecture products 
 
After the requirements analysis is complete, the system’s functional architecture (Stage 
Two) can be generated. The functional architecture is “a set of functions and their sub-functions 
that defines the transformations of input flows into output flows performed by the system to 
achieve its mission” (SEbok 2013). The requirements developed in Stage One are the “basis for 
Functional Architecture development, which defines the system in terms of the functions 
that the system must perform as well as the ordering and dependencies of those functions” 
(Beery 2016, 26).  Figure 3 illustrates the functions that must be completed by the collaborative 









3.3 Physical architecture products 
 
Once the functional architecture is generated, the physical architecture (Stage Three), 
also known as the physical components of the system, can be identified. The physical 
architecture provides the baseline for all the required component resources. These architectures 
are graphically represented by block definition diagrams, as shown in Figure 4. 
 
 
Figure 4. Block Definition Diagram for Unmanned Vehicle Systems. Source: (Middleton, Miller, & 
Pollman 2018) 
 
4.0 Model Definition for HA/DR Validation Exercise 
 
Stage Four represents the validation exercise. While Beery’s work emphasizes computer-based 
simulations, my application replaces that with a field exercise. The system requirements and the 
system’s architectures described above contributed to the generation of a system model (Stage 
Four) capable of analyzing the system’s performance (Stage Five). The model consisted of 
collaborative cross-domain unmanned systems conducting a surveillance sweep to identify 
potential hazards and potential targets in distress and in need of assistance. Once distressed 
personnel are identified, the unmanned vehicles transmit the location of the persons in distress 
(PID) to the unit commander. This allows the human-interface to efficiently task their platoon to 
provide assistance in a safe and timely manner. The unmanned systems will also be used to 
provide emergency care packages to disaster relief victims in hazardous areas.  
 




A lab-scale physical exercise was conducted to measure the operational impact of design 
variables identified in the system architectures. The validation exercise highlighted the feasibility 
of the utilization of a team of unmanned aerial vehicles and unmanned ground vehicles 
interoperating while conducting HA/DR operations.  
 
1. Scenario  
 
The High-Level Operational Concept Graphic (OV-1) presented in Figure 4 explains the 





Figure 5. High-Level Operational Concept Graphic 
 
The location is a post-disaster environment deemed too hazardous for human lives.  The 
UAV conducted a scan of the environment using the onboard sensors, looking for persons-in-
distress (PID). Once a PID was located, the UAV transmitted the information to command and 
control (C2). C2 launched the UGV to rendezvous with the PID in order to provide support. 







The UGV used for the exercise was the Pioneer 3-AT, an aluminum powder coated 
vehicle capable of operating in rugged terrain that can climb obstacles no higher than six inches 
as illustrated in Figure 6.  It is equipped with a split differential drive train which allows the 
vehicle to conduct zero point turns. The sensors used to equip the UGV are illustrated in Figures 






Figure 6. Pioneer 3-AT UGV 
 
 
                                      






The electro-optic camera equips the vehicle with the ability to sense the area of operation. 
The wireless communications antenna enables the UGV to transmit and receive navigation and 
sensor data. The data is transmitted to C2 via the established wireless network. The INS processor 
and the GPS antenna determine the vehicle’s location, interpret received navigation data from C2, 
and allow the vehicle to navigate via waypoint navigation.  The EMLID Reach increases the GPS 
accuracy of the UGV, making waypoint navigation more accurate and precise. The PC processor 
interprets all the data received from the sensors and provides commands to the subsystems. 
 
a. UGV Setup 
 
o LiDAR—The UGV was equipped with a LiDAR in order to perform optic based 
ranging and location for obstacle avoidance. (F1.1.2 & F1.2.4) 
o EO Camera—The UGV was equipped with an electric-optic camera in order to 
provide the UGV operator with real-time feedback. (F1.1.1) 
o GPS—The GPS provided the UGV with precise location. The GPS also provided 
the UGV with waypoint navigation capabilities. (F1.2.1 & F1.2.2) 
o EMLID Real Time Kinematic (RTK) System—The EMLID system was 
incorporated into the system to increase the GPS accuracy of the UGV. (F1.2.1) 
o Wireless Antenna—The wireless antenna mounted on the Pioneer enabled a 
communication system between the UGV and C2 via the wireless network 
established. (F1.3.1 & F1.3.2) 
o Microphone—The UGV was equipped with a radio to provide the PID with the 
capability to communicate with C2. (F1.3) 
o PC Processor—The PC processor is responsible for interpreting data and providing 




The UAV used in the exercise is illustrated in Figure 9. The DJI Inspire in a multirotor 








The Inspire comes equipped a DJI Zenmuse X3 Camera, which provides the UAV with the 
ability to surveil the area. The inertial measurement unit (IMU) grants the UAV hovering 
capabilities in order to classify a PID. The GPS unit determines the UAV’s position and provides 
the flight controller with navigation data in order to navigate. The flight controller allows the UAV 
to process the navigation and sensor data. It also provides commands to the UAV subsystems in 
order to maneuver.  
 
b. UAV Setup 
 
o IMU—The Inertial Measurement Unit (IMU) automatically keeps the UAV stable 
while flying. The IMU uses a 6-axis gyroscope and accelerometer to compensate 
environmental conditions the vehicle may experience while in operation. (F2.4.2) 
o Flight Controller—The Flight Controller is responsible for executing the 
commands given to the aircraft. The flight controller serves as the system processor, 
receiving data and translating that data to the system controls. (F2.2.3 & F2.4.1) 
o GPS—The Inspire uses a Global Navigation Satellite System (GLONASS) and 
GPS system while operating. This provides the user with a more accurate and 
precise location than the standard GPS satellites. The dual GPS system also 
acquires satellites at a faster rate, allowing for a live map to be displayed on the 
remote controller. (F2.2.1 & F2.2.2) 
o DJI Zenmuse X3—The Zenmuse X3 is a 4K, 3-axis gimbal camera with a rotating 
angle of 360°. The camera receives information such as angular velocity, height, 
momentum, and inertial force so that it can counteract the effects the vehicle 




This exercise used four 2.4 GHz wireless routers for the network system. All four wireless 
routers were configured as repeaters, creating one network for the UAV, UGV, and C2 to 
communicate on.  
          
 
 
Figure 10. 2.4 GHz Wireless Router 




The wireless network system was not included in the physical architecture displayed in 
Figure 4 because it is beyond the scope of the unmanned vehicle system. The MBSE MEASA 
methodology focused on the relationship of the unmanned vehicle’s system architecture and 
system analysis.  
 
5.0 Model Analysis for HA/DR Validation Exercise  
 
1. Implementation of Architecture for Unmanned Systems 
 
The MBSE MEASA uses various SysML products to portray the stages in the 
methodology. SysML’s parametric diagram is a useful tool that “defines systems of equations that 
describe the behavior of a block (recall that a block is most often a physical element of a system)” 
(Beery 2016, 31). Though efficient, this diagram is not applicable when conducting an exercise 
instead of a simulation. It is most useful when conducing simulations that define specific 
constraints in the model. A useful tool capable of analyzing whether the system architecture is able 
to satisfy the systems operational requirements is the Department of Defense Architectural 
Framework (DODAF) product, Operational Activity to Systems and to System Function 
Traceability Matrix (SV-5 a/b). The SV-5 a/b illustrates the traceability of the system components 
and functions to the operational activities. This allows for the qualitative assessments of the system 
to be conducted in order to determine a refined system solution architecture for the system. Figure 
11 portrays the system’s traceability. 
 
 




Figure 11 depicts the mapping of operation activities to system functions and system 
components. The matrix has been broken up into the following sections: Operational Activity, 
System Components, and System Functions. The SV-5 a/b “identifies the transformation of an 
operational need into a purposeful action performed by [the] system” (Department of Defense 
[DoD] 2010, 1). It also maps the system functions to the operational activities, ensuring traceability 
and consistency. For instance, the system function ‘Perform Optic Based Ranging and Location’ 
can be traced back to the operational activities: Search Area and Navigate Area. The traceability 
analysis illustrates the connection of a network of interrelationships between components of a 
system and their functions. This also determines if unspecified features have been introduced into 
the system, and provides documentation for all products with their designated predecessor 
specification. The high level of redundancy directly correlates to the structure of the functional 
and physical architectures.  
 
2. Iteration of MBSE MEASA 
 
When conducting a validation exercise, certain factors were experienced that give the 
system a realistic experience in operating in a post disaster environment. This observation was 
helpful in determining which operational requirements, system functions, and physical 
components need to be refined. There were several functions that initially were going to be 
conducted, but could not be achieved. Those functions were: Provide Storage and Transport for 
First Aid Supplies, Determine the UGV’s Current Location within Less than One Meter of Circular 
Error Probable (CEP), Provide an Automated PID Identifier on the UGV, and enable the UAV and 
UGV with the capability to exchange information with one another.  
 
In order to improve the UAV-UGV system by implementing the system analysis into the 
system architecture, some of the initial system requirements must be changed or added to the 
system. Adding a new requirement results in new system functions being identified and new 
physical components of the system being generated. For instance, Provide for Storage and 
Transport of First Aid Supplies is a new system requirement that must be identified. In doing so, 
a new system function is generated as illustrated in Figure 12.  
 
Figure 12 highlights the new items in the functional architecture based on implementing 
the system analysis into the system architecture for an updated system. The additional functions 
such as: Provide an Automated PID Identifying Program and Determine Current Location within 
Less than One Meter of CEP are also highlighted in Figure 12. The iterative process of using the 
analysis in the system architecture domain not only develops new functions and physical 
components of the system, but it also adds specificity to the functions based on the performance 
of the unmanned vehicles. During the validation exercise, the UGV would often have to correct 
itself while using waypoint navigation because the GPS location was not precise. By adding the 
CEP specification, waypoint navigation for the UGV will be more accurate and precise, decreasing 
the transit time to a PID. As previously stated, if the functional architecture has an additional 
function, then there must be system component capable of executing such task. Figure 13 
illustrates the refinement of the physical architecture in order to develop a system capable of 










Figure 13. Refined Block Definition Diagram for Unmanned Ground Vehicle System 
 
The UGV system’s additional physical component, Cargo Platform with Service Arm 
was added to the physical architecture to ensure the UGV system with the capability to Provide 
Storage and Transport First Aid Supplies to PIDs. Finally, Figure 14 illustrates the refined 









Figure 14 includes the function Provide an Automated PID Identifying Program on the 
UAV. The UAV was the first unmanned vehicle conducting the surveillance sweep and should 
be equipped with the proper tools to identify a PID in a post disaster environment. Figure 15 
illustrates how the UAV will locate and identify the PID and transmit the PID location to the C2 




Figure 15. UAV and UGV locating the PID 
 
The UAV and UGV must have the ability to differentiate between a PID and moving debris 
in order to accurately locate PIDs. By incorporating this function, the unmanned vehicles will have 





The MBSE MEASA methodology generated the system’s architecture in order to support the 
system analysis. This process ensures that the systematic behaviors illustrated in the validation 
exercise can be linked to the functions and physical components listed in the system’s architecture. 
The system’s traceability allows for the system solution to be continually improved based on the 
MBSE MEASA iterative process. This paper presented the validation model (Stage Four) required 
to determine the operational effectiveness and technical feasibility of cross-domain unmanned 
systems conducting HA/DR. It also presented an analysis of the system design (Stage Five) in 
order to identify which areas of the architecture could be improved to develop a more efficient 
system. The research presented in this paper helps establish model-based system engineering 
analysis modeling for cross-domain unmanned vehicles conducting expeditionary warfare, hence 
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